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Abstract
We study Radiative Electroweak Symmetry Breaking in the Minimal Supersymmetric
Standard Model (MSSM). We employ the 2-loop Renormalization Group equations for
running masses and couplings taking into account sparticle threshold eects. The de-
coupling of each particle below its threshold is realized by a step function in all one-loop
Renormalization Group equations (RGE). This program requires the calculation of all
wavefunction, vertex and mass renormalizations for all particles involved. Adapting our
numerical routines to take care of the succesive decoupling of each particle below its
threshold, we compute the mass spectrum of sparticles and Higgses consistent with the
existing experimental constraints. The eect of the threshold corrections is in general





The low energy values of the three gauge coupling constants known to the present ex-
perimental accuracy rule out the simplest versions of the Grand Unied Theories. In










within the proton decay lower bounds. Moreover, softly broken super-





gauge symmetry breaking through radiative corrections for a certain
range of values of the existing free parameters
[4]
. In such a scenario the elegant ideas
of Supersymmetry, Unication and Radiative symmetry breaking are realized within
the same framework. The Minimal Supersymmetric extension of the Standard Model
(MSSM)
[1]
incorporates all the above. Due to its minimal content and the radiatively
induced symmetry breaking it is the most predictive of analogous theories.
As in the numerous
[5][6]
existing analyses of radiative symmetry breaking in the
MSSM, in the present article we employ the Renormalization Group. The Higgs boson
running mass-squared matrix, although positive denite at large energy scales of the
order ofM
X
, yields a negative eigenvalue at low energies causing the spontaneous break-
down of the electroweak symmetry. The \running" of mass parameters from large to low
scales is equivalent to computing leading logarithmic radiative corrections. Although
this scenario depends on the values of few (3 or 4) free parameters, one could interpret
it as leading to the prediction of M
Z
in terms of M
X
, or the Planck mass, and the top
quark Yukawa coupling. Another way to interpret the predictions of this model is to
consider M
Z
determined in terms of the supersymmetry breaking scale. The analysis of
the results helps us nd out to which extent the low energy data can constrain the type
and scale of supersymmetry breaking.
The purpose of the present article is to include in the above stated scenario the
so-called low-energy \threshold eects". Since we have employed the DR scheme in
writting down the one-loop Renormalization Group equations, which is by denition




without taking notice of
the numerous sparticle thresholds existing in the neighborhood of the supersymmetry
breaking scale near and above M
Z
. This approach of working in the \full" theory con-
sisting of particles with masses varying over 1-2 orders of magnitude has to overcome the
technical problems of the determination of the pole masses. Our approach, also shared
by other analyses, is to introduce a succession of eective theories dened as the theories
resulting after we functionally integrate out all heavy degrees of freedom at each particle
threshold. Above and below each physical threshold we write down the Renormalization
Group equations in the DR scheme only with the degrees of freedom that are light in
each case. This is realized by the use of a theta function at each physical threshold. The




) and neglects constant terms. The physical masses are determined




which coincides with the pole condition if we keep
leading logarithms and neglect constant terms. The great advantage of this approach is
1
that the last step of determining the physical mass presents no extra technical problem
and it is trivially incorporated in the integration of the Renormalization Group equa-
tions.
2. The softly broken Minimal Supersymmetric Standard Model
The superpotential of the minimal supersymmetric extension of the standard model,















































= +1) in terms of the quark Q(3; 2; 1=6), D
c









(1; 2; 1=2) chiral superelds. We
have suppressed family indices. The second Higgs doublet H
2
is necessary in order
to give mass to the up quarks since the conjugate of H
1
cannot be used due to the
analyticity of the superpotential. It is also required in order to cancel the new anomalies
generated by the fermions inH
1







-invariant superpotential that can be written in terms of the








,...etc not containing any ordinary
standard model interaction could be present. The superpotential (1) could be arrived
at by a straightforword supersymmetrization of the standard three Yukawa interaction
terms. It possesses an anomalous R-parity broken by supersymmetry-breaking gaugino
masses down to a discrete R-parity which ascribes -1 to matter and +1 to Higgses. There
is also an unwanted continuous PQ-type symmetry leading to an observable electroweak
axion which is broken by the last term in (1). This term introduces a scale  which has to
be of the order of the soft supersymmetry breaking scale in order to achieve electroweak
breaking at the observed M
Z
value. Although it appears unnatural that the scale of
breaking of a PQ symmetry should be related to the supersymmetry breaking, there exist
schemes based on an enlarged framework (extra elds or non-minimal supergravitational
couplings) that lead to dynamical explanation of the order of magnitude of the scale 
[7]
.
The fact that supersymmetry is not observed at low energies requires the introduc-
tion of extra supersymmetry breaking interactions. This is achieved by adding to the







and W, extra interaction terms that respect the gauge symmetry but break supersym-
metry. This breaking however should be such that no quadratic divergences appear and
the technical \solution" to the hierarchy problem is not spoiled. Such terms are gener-
ally termed \soft". The most general supersymmetry breaking interaction Lagrangian
resulting from spontaneously broken Supergravity in the at limit (M
P
!1) contains
just four types of soft terms , i.e gaugino masses, 

-scalar masses, -scalar cubic
superpotential interactions and -scalar quadratic superpotential interactions. For the


























































































































































the squark and slepton scalar elds .The gaug-
inos 
A
are considered as four component Majorana spinors. Apart from the three




dimensionfull cubic couplings in the simplest case that we retain only family diagonal




= 6 + 8N
G
new parameters. Note that
these new parameters are dimensionfull and that without a simplifying principle they
could in general represent dierent scales.
A dramatic simplication of the structure of the supersymmetry breaking interactions
is provided either by Grand Unication assumptions or by Superstrings. For example,


























. SO(10) unication implies further equality of all sparticle masses, equality of
Higgs masses and equality of the three types of cubic couplings. The simplest possible
choice at tree level is to take all sparticle and Higgs masses equal to a common mass
parameter m
o
, all gaugino masses equal to some parameter m
1=2
and all cubic couplings
avour blind and equal to A
o
. This situation is common in the eective Supergravity
theories resulting from Superstrings but there exist more complicated alternatives. For
example Superstrings with massless string modes of dierent modular weights lead to
dierent sparticle masses at tree level
[8]
. The equality of gaugino masses can also be
circumvented in an eective supergravity theory with a suitable non-minimal gauge ki-
netic term
[9]
. Note however that such non-minimal alternatives like avour dependent
sparticle masses are constrained by limits on FCNC processes. In what follows we shall









3. Radiative corrections and symmetry breaking

































































































































































































































































































































































































and nally the scalar part of  L
SB
shown in (2). The tree level scalar potential does































































) + ::::: (5)

















. Replacing the appearing parameters






(Q),... as dened by the Renormalization Group














we end up with an Eective Potential that upon minimization supports a vacuum with
spontaneously broken electroweak symmetry
[6][10]
. A reasonable approximation to (7)
would be to allow only for the dominant top-stop loops. Note that although the Renor-
malization Group improved tree level potential depends on the scale Q this is not the
case for the full 1-loop Eective Potential which is Q-independent up to, irrelevant for
minimization, Q-dependent but eld-independent terms.













































































denotes the observed value M
Z
= 91:17GeV . Note also that in our convention B and 
have opposite signs.
We shall assume that at a very high energy scaleM
X
the soft supersymmetry breaking






and B of which we shall consider as
input parameters only the rst three and treat B(M
Z
) as determined through equation
(9). Actually we can treat (M
Z





determined by solving the minimization conditions (8) and (9), with the sign of  left
undetermined. The top-quark mass
[11]
, or equivalently the top-quark Yukawa coupling,
although localized in a small range of values should also be considered as an input
parameter since the sparticle spectrum and the occurrance of symmetry breaking itself













Since radiative corrections are generally expected to be small with the exception of




























































































































































All parameters are \running" ones dependent on the energy scale Q.
5
4. The Renormalization Group and Threshold eects











This equation should be integrated from a superlarge scale Q =M
X





, down to any desirable value of Q. As we come down
from M
X
as long as we are at scales larger than the heaviest particle in the spectrum
we include in b contributions from all the particles in the MSSM. When we cross the
heaviest particle threshold we switch and compute b in a new theory, an eective eld
theory
[13]
with the heaviest particle integrated out. Coming further down in energy we
encounter the next particle threshold at which point we switch again to a new eective
eld theory with the two heaviest particles integrated out. It is clear how we procced
from then on.
The change in the running mass parameter m at a particle threshold M in the above





















are the Renormalization Group coecients computed in the eective
theories above and below the threshold respectively. Comparing (17) with the exact
result obtained from the 2-point function associated with m we nd that there is a nite
non-logarithmic part that is missed by our approximation
[14]
. The further M and m
are apart the better the approximation becomes.Of course, the great advantage of the
approximation lies in the fact that it is done entirely at the level of the Renormalization
Group without the need to calculate the nite parts of n-point functions.
The Renormalization Group equation (16) referring to a particular running mass
m(Q) is integrated stepwise in the above stated manner down to the physical mass






Note that in the DR scheme the inverse two-point function corresponding to the running









































Thus, condition (18) coincides with the true (pole) condition for the physical mass only
when the constant non-logarithmic contributions can be neglected.
In what follows we shall present the 1-loop -functions of gauge and Yukawa couplings




. Note that the threshold corrections introduced in our approximation by the
theta-functions at 1-loop are expected to be comparable to the standard 2-loop RG
corrections. In our numerical analysis that we follow we shall employ the 2-loop RG
equations which have not been presented here due to their complicated form but can be
found elsewhere
[17]















for each parameter . Note also that we assume
diagonal couplings in family space.























Keeping the Yukawa couplings Y
t;b;
of the third generation fermions, the correspond-

















































































































































; etc appearing in the expressions above are shown in






B the SU(3),SU(2) and U(1) gauge fermions respectively.















































































































































































































































































. The coecients Z
qi
are shown in Table II.
Next we procceed to the RG equations for the scalar masses. The RG equations for
the sparticle masses refer to the third generation. For the other two generations the












































































































































































































































































































































































































































































































































































































































































































































































































































































































The quantity S appearing in the equations above is dened as








In the absence of the threshold eects this quantity is multiplicatively renormalized.
Therefore if it vanishes at the unication scale, due to appropriate boundary conditions,
it vanishes everywhere and its eect can be ommited altogether from the RGE's. However
in our case this does not any longer hold owing to its explicit threshold dependence and
S starts becoming nonvanishing as soon as we pass the heaviest of the thresholds. For
the Higgs and Higgsino mixing parameters m
2
3


















































































































































































































































































; i = 1; 2; 3 (38)
where b
i
are the beta function coecients of the gauge couplings given earlier and S
i
are

























































































































5. Formulation of the problem and numerical analysis
The problem at hand consists in nding the physical masses of the presently unob-
served particles, i.e. squarks, sleptons, Higgses, Higgsinos and gauginos, as well as their
physical couplings to other observed particles. This will be achieved by integrating the
Renormalization Group equations from a superheavy scaleM
X
, taken to be in the neigh-
bourhood of 10
16
GeV , down to a scale Q
o
in the stepwise manner stated. If the equation
at hand is the Renormalization Group equation for a particular running massm(Q), then
Q
o





equation at hand is the Renormalization Group equation for a coupling the integration




. Acceptable solutions should satisfy the constraints
(8) and (9) at M
Z
, i.e. describe a low energy theory with broken electroweak symmetry
at the right value of M
Z
' 91:17GeV .
The boundary condition at high energy will be chosen as simple as possible, postpon-
ing for elsewhere the study of more complicated alternatives. Thus at the (unication)
point M
X
, taken to be 10
16


















































































boundary values at M
X











are not all free due to conditions (8) and (9) which could be viewed















as well as the sign of (M
Z
) can be our free parameters. Although conditions (41),(42)
and (43) do not have to be necessarilly connected with a specic unication scheme we
can make further assumptions that are inspired by unication and simplify our analysis.









Our set of constraints includes the low energy experimental gauge coupling values





























), where C = 0; 2; 3 respectively for the three factor
gauge groups. For the b-quark and  -lepton masses we have taken m
b
= 5:0 GeV and
m

= 1:8 GeV. The recent evidence
[11]
for the top-quark mass has motivated values
in the neighborhood of 176  8 GeV. The physical top-quark mass M
t
is related to the















Note that at the 2-loop order the DR scheme needs to be modied so that no contribution to the




As stated previously the B; are not inputs in the approach we are following but are
determined through the equations minimizing the scalar potential. For their determina-
tion at the scale M
Z
we take into account the one loop corrected potential considering





) . It is well known that the value of  aects the predictions for the phys-
ical masses especially those of the neutralinos and charginos. In approaches in which
the eect of the thresholds is ignored in the RGE's the determination of B; is greatly
facilitated by the near decoupling of these parameters from the rest of the RGE's. How-
ever with the eects of the thresholds taken into account such a decoupling no longer








) we take those arising from the minimization equa-
tions assuming that theshold eects are absent. At this stage our analysis is identical
to those of other authors. Subsequently we run our numerical routines switcing on the






, tan  and




) in each run
until convergence is reached. This is unecessary of course in cases where the thresholds
are neglected. The next step regarding the mixing parameters ;m
2
3
is to correct them
taking into account the one loop eective potential in the way prescribed earlier.
Throughout our analysis we avoid considering values for tan for which the couplings
are driven to large values outside of the perturbative regime.
The experimental lower bounds for the masses of new particles extracted from ac-
celerator data are as follows
2
. The four neutralino mass eigenstates have to be heavier
than 20,45,70 and 108 GeV while the two chargino states have lower mass limits of 43
and 99 GeV. Charged sleptons have to be heavier than 45 GeV, while sneutrinos have to
be heavier than 41.8 GeV. There is also a 150 GeV lower bound on the mass of squarks
and gluinos. Charged Higgses should be heavier than 41 GeV while the CP-odd neutral
Higgs should be heavier than 22 GeV. The lightest of the two neutral CP-even Higgs
eigenstates should have a mass larger than 44 if the CP-odd Higgs is lighter than M
Z
or
60 GeV if the opposite is true respectively.
The interesting part of the output of the numerical integration of the RG equations
consists of the mass spectrum of the new particles (gaugino-Higgsinos, squarks and
sleptons) as well as the Higgs masses. The neutralino mass eigenstates can be read
































































. As is well known, the 1-loop radiative corrections, mostly due to the
large value of the top Yukawa coupling, are important for the Higgs masses. Following
an approximation that has been tested in the literature
[10]
, we have computed the Higgs
2
We have also constrained the output to cases of neutral and colourless LSP.
12
mass eigenvalues based on the 1-loop eective potential (12), where the dominant third
generation contribution has been kept.
The radiative corrections to the pseudoscalar A are known to have an explicit depen-




(Q). Keeping only the dominant top contributions for the corrections to the
eective potential this cancelation is however incomplete since m
2
3
(Q) depends on the
gaugino masses as well, eq:(36). This residual Q dependence aects the predictions for
the mass of the A Higgs eld. Following other authors
[10]
we choose as appropriate scale
for the evaluation of its mass a scale Q
0
for which the eect of the radiative corrections
is vanishingly small. Then Q
0
turns out to be in the vicinity of the heavier of the stops
and in this regime the stops have not been decoupled yet. It is therefore permissible to
consider their loop eects to the eective potential as given in the references cited above.
In our approach comparison of the tree level mass of A , as this is calculated at M
Z
,
and its corresponding radiatively corrected masses at the scale Q
0
reveals that they are
very close to one another. This also holds for the rest of the Higgses. This is due to the
appearance of the theta functions within the RGE of the m
2
3
(Q) which properly takes
care of the gaugino decoupling as we move from Q
0
to lower energies. This would not
have been the case in schemes in which such a decoupling is not present. In those cases
it is required that either the physical Higgs masses are evaluated as poles of the one
loop propagators or the eect of the gaugino elds is duly taken into account in the
eective potential approach, for the eect of the radiative corrections to be numerically
insensitive to the choice of the scale. This subtle issue is under investigation and the




We have displayed some of our results in tables III,IV,V,VI,VII and VIII. In all
tables we have taken (M
Z
) positive and hence B(M
Z
) negative. Their mirror values
(M
Z
) < 0, B(M
Z
) > 0 lead to qualitatively similar results. In the rst four tables,




) = 176 GeV, we present acceptable spectra that have been









table III, for a characteristic set of values A
o
= 400 GeV, m
o
= 300 GeV and m
1=2
= 200
GeV we have varied tan between 2 and 25. For values of tan larger than about 30 no
electroweak breaking occurs in this case. Note the well known
[19]
approximate equality
between the masses of one of the neutralinos and one of the charginos. The lightest
Higgs turns out to be heavier than the Z - boson. Althought not displayed, for negative
 its mass drops below M
Z
for small values of the angle tan ' 2 . In table IV, for
xed characteristic values of tan = 10, A
o





between 75 GeV and 700 GeV. The sensitivity of the whole spectrum on m
1=2
is
apparent. In table V, for xed tan = 10;m
o
= 300 GeV and m
1=2
= 200 GeV, we vary
A
o
between 0 and 800 GeV. In this case, as in all other acceptable cases, the LSP is a
neutralino with a mass roughly independent of A
o
. We have also included in this table
13
negative values of A
o
in the range -800 GeV to 0. Note that in both cases the gluino
















= 200GeV xed and vary m
o
between 100 and 800 GeV. In all cases squarks























values, when we vary the top quark mass. Finally, table VIII compares, for a char-
acteristic choice of parameter values, the spectrum obtained as above to the spectrum
obtained without taking into account any threshold eects. As is apparent from the
values shown in table VIII the eect of the thresholds and two loop eects amounts to
small corrections of the order of 5% or slightly more in some sectors. Only when  < 0




Higgses of the order
of 15% . From the discussion in the previous section it is evident that this discrepancy
is due mainly to the evolution of m
2
3
, as we move from M
Z
to larger values, and in
particular on its dependence on the gaugino masses. In order to determine the Higgs
masses we need, among other things, the value of m
2
3
at a scale Q
o
, which minimizes the
loop corrections due to the quarks and squarks of the third family, knowing its value at
M
Z
. However its evolution in the two approaches, with and without thresholds, is quite
dierent. In our approximation, which takes into account the threshold eects, we have
properly taken care of the decoupling of all particles as we move below their thresholds,
gauginos included, unlike the case where the threshold eects are totally ignored. This
results in rather large logarithmic corrections and hence to the relatively large dierences
(' 15%) occuring in this cases. For a proper treatment of the radiative corrections in
the second scheme, where threshold eects are not present in the RGE's, explicit one
loop calculations of the gaugino contributions to the two point Green's functions of the
Higgses should be carried out. It is only in this case where comparison of the predictions
for the heavy Higgses spectrum of the two approaches at hand can be made. At any
rate the rather large dierences seen in some particular cases point to the fact that a
more rened analysis of the radiative eects to the Higgs sector is needed which also
takes into account the contributions of the gauginos and not just those of the heavy
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Table Captions
Table I: Threshold coecients appearing in the renormalization group equations
of the gauge and Yukawa couplings. Above all thresholds these become equal to unity.
Table II: Threshold coecients appearing in the renormalization group equations
of the trilinear scalar couplings. Above all thresholds these are vanishing.









200GeV and for values of tan  ranging from 2 to 25. Only the  > 0 case is displayed.




= 400GeV , m
o
= 300, tan  = 10
and for values of m
1=2
ranging from 75GeV to 700GeV ( > 0).
Table V: MSSM predictions for m
t
= 176GeV , m
o
= 300GeV , m
1=2
= 200GeV and
for values of A
o
0; 300; 800 GeV ( > 0).
Table VI: Mass spectrum of the MSSM for m
t





200GeV , tan = 10 and values of m
o
from 100GeV to 800GeV ( > 0).







= 200GeV , tan  = 20 and values for the running top quark mass equal to
176; 180; 185; 190 and 195GeV ( > 0).
Table VIII: MSSM mass spectrum for the inputs shown in the rst row ( > 0).






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































= 200,  > 0
tan 25 20 15 10 2
physical top quark mass
M
t
176.5 176.5 176.5 176.5 176.5
gluino











































433.8,335.3 449.3,367.9 465.9,394.9 480.4,414.4 494.5,432.6





327.4,268.0 329.6,281.2 330.8,292.6 331.0,301.7 328.5,309.5
~

306.3 310.9 314.9 317.8 322.5















507.9,492.7 507.6,492.5 507.4,492.3 507.3,492.2 508.1,494.3






329.3,311.3 329.2,311.4 329.1,311.4 329.1,311.3 327.8,310.6
~
1;2
320.3 320.2 320.2 320.3 322.6
Higgs Bosons





113.4,240.5 114.0,337.5 114.3,402.3 114.1,451.0 94.3,651.6
H










= 300, tan = 10,  > 0
m
1=2
700 500 300 100 75
physical top quark mass
M
t
176.5 176.5 176.5 176.5 176.5
gluino











































1319.0,1255.4 977.0,915.5 640.6,578.3 343.8,270.2 319.1,243.3





548.4,389.6 445.4,346.0 361.2,313.1 311.9,294.5 309.0,293.4
~

541.8 436.9 349.8 297.0 293.8















1401.8,1443.0 1036.3,995.6 677.4,654.1 361.6,354.5 335.1,329.7






549.8,399.3 446.0,355.1 360.4,322.3 308.7,304.8 305.7,303.8
~
1;2
544.6 439.5 352.3 299.3 296.2
Higgs Bosons





125.0,1054.5 122.8,804.5 118.5,561.2 105.7,362.5 102.5,346.7
H










= 200,  > 0
A
o
800 -800 300 -300 0
physical top quark mass
M
t
176.5 176.5 176.5 176.5 176.5
gluino











































469.0,380.1 485.0,431.9 482.3,420.4 487.8,438.9 486.5,433.5





330.6,294.0 327.4,301.6 330.9,303.0 329.6,305.9 330.4,305.5
~

315.3 316.9 318.2 318.8 318.9















506.8,491.7 510.0,494.9 507.5,492.4 508.8,493.6 508.0,492.9






329.1,311.4 329.6,311.3 329.1,311.3 329.3,311.3 329.2,311.3
~
1;2
320.3 320.8 320.3 320.5 320.4
Higgs Bosons





118.8,495.9 107.7,426.1 113.4,442.2 110.0,414.9 111.5,423.0
H








= 400, tan = 10, m
1=2
= 200,  > 0
m
o
800 600 400 100
physical top quark mass
M
t
176.5 176.5 176.5 176.5
gluino











































846.7,693.9 683.4,569.5 539.9,460.4 403.9,351.6





805.8,792.5 612.1,595.4 422.3,399.2 175.9,113.7
~

800.0 604.7 411.8 150.3















878.8,873.2 713.3,704.7 567.8,555.2 425.8,407.0






807.7,803.1 612.7,604.9 421.4,408.3 170.7,131.2
~
1;2
804.1 608.0 414.5 153.0
Higgs Bosons





115.4,888.3 114.6,702.8 114.2,528.7 114.3,341.0
H

891.7 707.0 534.4 350.0
24
TABLE VII






= 300,  > 0
m
t
176 180 185 190 195
physical top quark mass
M
t
176.5 180.2 185.2 189.8 194.4
gluino











































652.3,582.5 653.0,579.8 654.2,576.7 655.7,574.5 658.2,573.9





443.8,391.7 444.2,391.2 444.8,390.6 445.4,390.1 446.0,389.8
~

431.2 431.2 431.2 431.3 431.4















724.1,702.9 724.2,703.2 724.8,703.8 725.7,704.7 727.4,706.4






446.3,416.8 446.3,416.9 446.4,416.9 446.4,417.0 446.5,417.3
~
1;2
439.8 439.8 439.8 439.9 440.0
Higgs Bosons





117.5,490.7 119.1,503.8 121.0,519.8 123.0,535.7 125.0,552.5
H












= 150,  > 0
1-loop Without Thresholds Complete 2-loop










































































sleptons of 1st and 2nd generation
~e
1;2
,~e
c
1;2
230.0,212.4 226.3,211.4
~
1;2
217.2 213.6
Higgs Bosons
A 306.8 330.1
h
o
,H
o
110.9,307.5 108.0,330.7
H

316.9 339.3
26
